Abstract-Fish detect underwater objects by measuring even tiny water velocity changes on their skin through their lateral-line system. Several approaches try to mimic the lateral-line system by hot-wire or electro-mechanical sensor arrays but none has achieved yet an underwater vehicle using a biomimetic lateralline system for object avoidance, not even in simulation. In this paper we describe construction and properties of low-cost sensors applicable to the task, viz., sensors where a constant current heats thermistors in water flow. With increasing stream velocity, thermal dissipation and thus voltage increases. A glassbead and a bow protect the thermistors. The small diameter of 0.36 mm results in a small time constant and thus allows fast measurements. Sensors are about 1 cm long and consume less than 0.2 W so that our small-sized underwater vehicle prototype "Snookie" can carry a whole array of them. We describe the magnitude of velocity changes depending on the distance to an obstacle and show experimentally that a single sensor can already detect underwater objects -so much the better a whole ensemble of them, as in fish.
I. INTRODUCTION
Fish often use their lateral-line system as their only means of navigation, especially under poor visual conditions. An explicit example is the blind Mexican cave fish that, though without vision, is able to navigate around objects. It appears to "perceive" the objects as it passes by [1] - [3] . It does so by detecting tiny water velocity changes on its skin that occur when the fish passes nearby obstacles. For stationary objects, the lateral-line system only works in a very close-up range to the objects to be detected, say, in a distance of about one fish length [4] . Moving objects, on the other hand, often generate wakes and mark their trajectories through a vortex street [5] a strategy that could be pursued by a technical system as well.
Fields of possible applications for an underwater vehicle equipped with an artificial lateral-line system could be turbid water with very poor vision as in canalization, pits filled up with water, swamped buildings, and deep sea. Even under good visual conditions, the lateral-line system may provide useful information to avoid collisions. Object detection by a lateral-line system requires only passive sensors, which has the advantage that sensors do not interfere with each other as, e.g., in a swarm of vehicles.
Underwater vehicle Snookie has been built to mimic fish navigation; cf. Fig. 1 . It shall avoid objects by measuring water velocity at different positions on its nose. Artificial lateral-line systems are under research [6] - [8] , but have not yet been used as a robotic sensory system. Instead of using mechanoreceptors, Snookie will use hot-thermistor anemometry to measure water velocities. Hot-wire anemometry to measure fluid velocities is well established [9] - [14] , also by means of microelectromechanical devices [15] , [16] . Hotthermistor anemometry has long been used to measure air and water velocities [17] - [22] . The novel sensor concept has been tested in past experiments with a sphere dragged through the water in the vicinity of a wall [23] , but neither sensors usable in an autonomous vehicle have been developed nor has it been shown that object detection is possible when passing an obstacle.
The contribution of this paper is to describe the construction and properties of low-cost hot-thermistor sensors suitable for a biomimetic lateral-line system that can be used in an underwater vehicle. Applicable water-velocity sensors have to resolve tiny changes of velocity fast enough, be robust so that they will not be damaged during accidental collisions or by touch, and underwater function has to be stable. Sensors should consume little power and be small in size so that is is possible to mount ten to twenty of them onto the hull of a small vehicle. In the following we show that the sensors described here fulfill all the above requirements.
The remainder of this paper is organized as follows. In section II we estimate expected velocity changes on Snookie's hull when it approaches a wall. In section III we describe sensor construction. We show through simulations that sensor packaging hardly influences sensitivity. In section IV we describe measurement results on the physical properties of the sensors. We give an account of an experiment where a sensor clearly responds to increased water velocity caused by the presence of the object.
II. ESTIMATING EXPECTED WATER VELOCITIES
For the sake of simplicity and to be able to derive analytic results, we approximate the underwater vehicle Snookie by a sphere. A sphere of radius a moving with velocity V in a nonviscous fluid generates a so-called dipolar velocity field. If the sphere is at the origin of the coordinate system, the water velocity v at position r generated by the sphere is [24] v(r, V) = a
Now let Snookie approach a wall. An infinite wall introduces another boundary condition, viz., that the fluid at the wall can only move parallel to it. As described elsewhere [23] , we can fulfill the additional boundary condition by introducing a "mirror" sphere as indicated in Fig. 2 . We get the mirror sphere by mirroring the original's sphere position and velocity by using the wall as a mirror. Because of mirror symmetry, the velocity field generated by both spheres at the wall is then parallel to the wall, conforming to the Euler boundary conditions that fluid can only move tangentially to a boundary. The velocities caused by the moving sphere and by its mirror sphere add up linearly so that the overall water velocity at position r, in the reference frame of the fluid, is
As v is not necessarily tangential to the surface, this velocity has still to be projected onto the surface to get an estimate of the velocity at the surface. As the thermistor sensors sit under a protective bow, each sensor has a preferred direction s, with |s| = 1 and s tangential to the surface of the sphere. In addition, the sphere itself is moving with velocity V. Thus the water velocity v s measured by a sensor on the surface of the vehicle is Figure 3 shows the change of water velocity on the surface of a spherical vehicle approaching a wall. Fig. 3 . Fluid velocity differences (red, magnified) between a flow-velocity field around a freely moving sphere and disturbed by a wall. The magnitude of velocity change is about 1 % at one radius distance (left).
The above approach is an approximation insofar as the boundary condition at the surface of the first sphere is disturbed by the presence of the second sphere and thus boundary conditions on the spheres are only satisfied approximately.
III. ARTIFICIAL LATERAL-LINE SYSTEM USING HOT-THERMISTOR ANEMOMETRY
To detect and avoid underwater objects, Snookie shall be equipped with an array of sensors to measure water velocity at several places on its nose. The authors have constructed hot-thermistor based water-velocity sensors described in the following.
A. Hot-Thermistor Anemometry
If a thermistor has temperature T , the surrounding water has temperature T ∞ and moves with velocity v, then energy dissipation P at the thermistor can be described by [10] , [11] , [14] 
where A, B and n are constants depending on size and shape of the thermistor and the surrounding medium. Thus, the faster the water velocity, the higher the energy dissipation and therefore energy dissipation can be used to measure water velocity. With the specific heat capacity c p , heat conductivity k, kinematic viscosity ν, we obtain for a sphere of diameter d [20] , [22] ,
The glass-bead thermistors used here are nearly spherical and have diameters of 0.36 mm. For a sphere with diameter d = 0.36 mm in water, n ≈ 0.5, and, using the constants from Table I , A ≈ 1.35 mW/K and B ≈ 13.5 mW/(K m/s).
B. Thermistor Coating and Sensor Assembly
Thermistors (Honeywell 111 Series, hermetically sealed glass-bead, diameter 0.36 mm, β θ = −3090 K, R(20
• C) ≈ 2 kΩ) were soldered onto small boards 1 × 1 cm in size; cf. Fig. 4 .
All connection wires were coated with PCB lacquer (Leiterplattenlack ISO-RC 4000, ISO-Elektra Elektrochemische Fabrik GmbH). The lacquer was applied with a thin paint brush carefully covering the connection wires but not the thermistor itself. Electrical isolation was checked with a conductive dilution of salt in water by measuring the resistance between lacquer-covered connections and a reference electrode that was 1-3 MΩ compared to about 30 kΩ for a blank connection. It is very important that the sensor is electrically isolated from water to prevent electrolysis. Electrolysis starts at about 1.5 V [25] and causes bubbles that may well influence the effective thermal conductivity of the probe.
C. Thermistor Packaging
To protect the very fragile thermistors mechanically, especially the thin connection wires, the authors have covered the thermistors with plastic bows printed by a 3D printer (dimension elite); cf. Fig. 4 . We have also put the thermistors into canals of about 1 mm diameter to protect the thermistors even better; cf. Fig. 5 . The packaging has the additional advantage that, with only two additional holes and a closed canal, we can easily implement what in biology corresponds to canal organs. An open canal implements a so-called surface lateral-line organ that reacts to velocity whereas a canal organ reacts to pressure difference and hence to acceleration [26] .
Simulations (Comsol software package, Navier-Stokes solver) show that packaging the thermistor in a canal hardly Fig. 5 . Thermistors (diameter 0.36 mm) mounted on a board, canals to cover the thermistor and a thermistor covered with a plastic canal.
influences heat flux from the thermistor to the water at velocities faster than about 1 cm/s; cf. Fig. 6 . For these velocities, the fluid boundary layer, i.e., the area where fluid velocity is influenced by the presence of the boundary, is thinner than the diameter of the canal. The presence of the canal therefore does not reduce stream velocity that much. The temperature boundary layer is even thinner than the fluid boundary layer. Thus the presence of the thermally isolating canal does not significantly reduce heat flux from the thermistor to the water. Simulation of velocity (upper) and temperature (lower layer) distributions for the indicated velocities. The thermistor is in the middle of a canal. For simplicity and computational feasibility, the simulation has been done in 2D in such a way that the thermistor is a half cylinder with diameter 0.36 mm in the simulated geometry. The bulk water temperature is T∞ = 293 K, the thermistor temperature T = 353 K, thus over-temperature is T − T∞ = 60 K. Boundary conditions are constant velocity v∞ at the left-hand side of the canal and thermally isolating surfaces.
The proposed packagings having almost no influence on functionality, do protect the thermistor from mechanical damage. According to simulations, energy dissipation follows the power law (3) although the thermistors have been put into canals; cf. Fig. 7 . Figure 8 shows the impulse response of the sensor. The sensor was driven by a constant current (power source Toellner 
IV. MEASUREMENT RESULTS

A. Impulse Response
B. Energy Dissipation in Dependence upon Over-Temperature
The authors have measured energy dissipation P in dependence upon the thermistor over-temperature T − T ∞ by applying different constant currents (power source Toellner TOE 8733, ampere meter Fluke 45) and recording the voltages across the thermistor through an oscilloscope. According to (3) , there should be a linear relation between power P and over-temperature T − T ∞ which is indeed the case; cf. 
C. Energy Dissipation in Dependence upon Water Velocity
To measure energy dissipation P in dependence upon water velocity v, the thermistor was driven by a constant current (power source Toellner TOE 8733, ampere meter Fluke 45). A linear axis (Copley Controls Corp, velocity controlled by a Matlab/Simulink program under RTAI realtime Linux) dragged the thermistor sensor through a water basin at constant speed v; cf. Fig. 10 . The time-dependent voltage has been measured by an oscilloscope for different speeds v. Using voltage and current, we have calculated thermal power P . Measurement data fit the power law (3) very well; cf. Fig. 11 . However, the fitted parameter B in (3) was much smaller than predicted by theory (4) and by simulation; cf. Fig. 7 .
Using the power law (3) and linearizing the temperaturedependent resistance of the thermistor according to
around the resistance R 0 at the equilibrium temperature T 0 for velocity v = 0, we find a voltage difference
with respect to v = 0 for small velocities v, i.e., a power law with the same coefficient as in (3) . Figure 12 shows that measurement data agree with theory.
D. Object Detection
To test whether object detection is feasible, the authors have mounted a sensor on the surface of a sphere and dragged it past a cylindrical object; cf. Fig. 13 .
Dragging the sensor mounted on a sphere past a cylindrical column results in a clear signal, i.e., an increase in voltage in the vicinity of the object; cf. Fig. 14 . The signal contains quite a bit of noise, mainly due to a non-constant velocity of the linear axis, which the authors expect to reduce in future measurements. 
V. CONCLUSIONS
Simulations have shown that packaging the thermistor sensors even into narrow canals does not reduce sensitivity. However, in preliminary experiments performed by the authors the canal-covered thermistors (Fig. 5) did not function properly because the narrow canal quickly filled with gas isolating the thermistor from the water. The authors hope to overcome this problem by covering the canals with hydrophilic lacquer. On the other hand, the bow-protected thermistors of Fig. 4 work well and are ready to use. In small series they can be reproduced quickly and at low cost. That is, 6 euros for material and 15 minutes time for assembly.
The sensors show the physical properties predicted by theory (3). The constant B, however, has been found to be much smaller than predicted by both simulations and theory (4) . Further measurements have to be done to clarify this point.
Preliminary object detection trials, as in Figs. 13 and 14, show that the sensors work in an object-detection situation. Thus even a single copy of the present water velocity sensors can already detect objects. The authors expect that a biomimetic lateral-line array of sensors can serve as a nearrange collision warning system for underwater vehicles. Fig. 13 . Cylinder diameter is 9 cm, sphere diameter 15 cm, and velocity 10 cm/s. The minimal distance between sensor and cylinder is 1.5 cm and is reached at the time indicated by the red line. The body is clearly detectable by the present apparatus (voltage increases in the vicinity of the red line) although there is still some noise mainly due to the power source (small spikes of about 25 mV coupling into the power source from the linear axis) and a non-constant velocity of the linear axis. The quantization error of the digital oscilloscope is also clearly visible. A bowprotected sensor with R 0 = 1790 Ω has been used with a constant current of 18 mA.
